Programmed cell death (pcd) may take the form of apoptotic or nonapoptotic pcd. Whereas cysteine aspartyl-specific proteases (caspases) mediate apoptosis, the mediators of nonapoptotic cell death programs are much less well characterized. Here, we report that paraptosis, an alternative, nonapoptotic cell death program that may be induced by the insulin-like growth factor I receptor (among other inducers), is mediated by mitogen-activated protein kinases (MAPKs) and inhibited by AIP-1/Alix. The inhibition by AIP-1/Alix is specific for paraptosis since apoptosis was not inhibited. Caspases were not activated in this paradigm, nor were caspase inhibitors effective in blocking cell death. However, insulinlike growth factor I receptor (IGFIR)-induced paraptosis was inhibited by MEK-2-specific inhibitors and by antisense oligonucleotides directed against c-jun N-terminal kinase-1 (JNK-1). These results suggest that IGFIR-induced paraptosis is mediated by MAPKs, and inhibited by AIP-1/Alix.
Introduction
Programmed cell death (pcd) is a form of cell death in which the cell plays an active role in its own demise. Although pcd has often been equated with apoptosis, it has become increasingly clear that nonapoptotic forms of pcd also exist. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] For example, certain developmental cell deaths, such as 'autophagic' cell death [1] [2] [3] [4] [5] and 'cytoplasmic' cell death, 2, 4, [6] [7] [8] [9] do not resemble apoptosis. Furthermore, neurodegenerative diseases such as Huntington's disease and amyotrophic lateral sclerosis demonstrate neuronal cell death that does not fulfill the criteria for apoptosis. 10, 11 Ischemiainduced cell deaths may also display a nonapoptotic morphology, referred to as 'oncosis.' 13 The biochemical mechanisms underlying these alternative morphological forms of cell death remain incompletely defined. Understanding the mechanisms for these forms may potentially have implications for the understanding of evolutionary aspects of cell death programs, developmental cell death, neurodegeneration, and cancer therapeutics, and for the design of novel therapeutic agents for diseases featuring these alternative forms of cell death.
Cell death has been divided into two general types: pcd, in which the cell plays an active role; and passive (i.e., necrotic) cell death. The pcd observed during development and tissue homeostasis has been classified morphologically into three main types: type 1, nuclear or apoptotic; type 2, autophagic; and type 3, cytoplasmic. 4 Apoptosis is the best characterized type of pcd: cells display membrane blebbing, loss of the asymmetry of phosphatidylserine (PS) in the plasma membrane, 14 nuclear fragmentation, and activation of caspases, the latter being a family of cell-suicide cysteine proteases. 15, 16 The biochemical activation of apoptosis occurs via two major pathways: the intrinsic pathway, initiated by the mitochondrial release of cytochrome c, resulting in the activation of caspase-9; and the extrinsic pathway, initiated by the activation of cell surface death receptors such as Fas, and resulting in the activation of caspase-8 or -10 17 (a third general pathway, originating from the endoplasmic reticulum and resulting in the activation of caspase-12 and -9, has also recently been described). [18] [19] [20] [21] [22] Much less is known about the biochemical mediators of type 2 and type 3 cell death. Type 2 (autophagic) cell death can be activated in some cases by Ras, 23 while the molecular activation of type 3 cell death is unknown. Recently, the insulin-like growth factor I receptor (IGFIR) was shown to be capable of inducing an alternative, nonapoptotic form of pcd that is morphologically highly similar to type 3. This form of pcd is characterized by cytoplasmic vacuolation, lack of apoptotic morphology, lack of caspase activation, lack of inhibition by caspase inhibitors (p35, zVAD.fmk, xiap, and Boc-aspartyl fmk) and Bcl-x L , and by a requirement for new gene transcription and translation. 12 This nonapoptotic form of pcd was dubbed paraptosis. Subsequently, it was noted that the binding of the peptide neurotransmitter substance P to its receptor, neurokinin-1 receptor, also induces a nonapoptotic form of pcd with similarities to paraptosis in its morphology, caspase independence, and requirement for gene transcription and translation. 24 A striking similarity has been observed at the morphological level between paraptosis, type 3 (cytoplasmic) cell death, and the neuronal cell death observed in some neurodegeneration models, 12 which suggests that paraptosis may be a physiologically relevant process. In order to assess its potential occurrence during development and in neurodegeneration, it will be necessary to identify specific markers for paraptosis, the latter of which are currently unavailable. It will also be important to characterize the molecular mechanisms underlying paraptosis, and ultimately to identify specific inhibitors for nonapoptotic programmed cell death. In the current report, we describe the mediation of IGFIR-induced paraptosis by the MAP kinase (MAPK) kinase MEK-2 and the MAP kinase JNK (Jun N-terminal kinase)-1, and describe the first specific inhibitor of paraptosis, AIP-1/ Alix. These results support the notion that multiple, distinct cell death programs may be employed by the cell (at least by mammalian cells), and that specific inhibitors for each may be identifiable.
Results

Signaling through the IGFIR decreases survival
We found previously that the expression in several mammalian cell lines of the membrane-targeted intracellular domain of IGFIR induces a nonapoptotic form of cell death, dubbed paraptosis. 12 We also found that overexpression of the fulllength receptor was able to induce paraptosis.
To characterize the mechanism by which paraptosis is induced, we began by determining whether cell death induction was the result of a lack of trophic support in the presence of a death-inducing 'dependence receptor' (such as has been described for several receptors including DCC, 25 RET, 26 the androgen receptor, 27 and Unc5H2, 28 among others), or the result of positive signaling via IGFIR. Therefore, we cloned the IGFIR cDNA into the episomal vector pCEP4, allowing the rapid selection for stable transformants containing autonomously replicating copies of the full-length IGFIR (to avoid discrepancies due to differential integration in the host genome), and counted the number of surviving colonies after 2 weeks of selection with or without insulin-like growth factor I (IGF-I). In five independent experiments, we found that when the IGFIR was stably expressed, treatment with IGF-I decreased the number of surviving colonies from two-to five-fold (Figure 1a, b) .
Although these results were surprising at first because of the known antiapoptotic activity of IGF-I, similar results were obtained by substituting insulin at a supraphysiological concentration (where it is known to bind the IGFIR and mimic IGF-I effects) for IGF-I. Conversely, the use of an inactive analog of IGF-I capable of binding the receptor did not decrease colony numbers (Figure 1a, b) . These results, in and of themselves, do not demonstrate cell death induction by IGFIR, but the observation of colony reduction is compatible with our earlier findings that IGFIR signaling may induce cell death. 12 Kinase activity of IGFIR is required for the induction of paraptosis
In order to define the domain(s) within IGFIR responsible for the cell death signaling, we undertook a site-directed Figure 1 Signaling through the IGFIR decreases cell survival. (a) Colony-forming assay: number of surviving colonies of 293T cells following transfection with the episomal construct pCEP4-IGFIR, selection with Hygromycin B, and addition of the indicated drug for 2 weeks. Colonies were stained with Crystal violet. Results from five independent experiments are shown. Cutoff size for colony scoring was set at 2 mm diameter. A representative experiment is shown in (b). Note that the pCEP4 control colonies became confluent and therefore could not be counted accurately, but were estimated to be several-fold greater in number than those for the pCEP4-IGFIR untreated group mutagenesis study. Since our previous studies have shown that expression of a myristylated IGFIR intracellular domain (IGFIR-IC) is sufficient for a strong paraptotic induction, we used this construct for this analysis. We first created a mutant of IGFIR-IC lacking kinase activity by mutating the lysine in the ATP-binding site at residue 1003 to an arginine (K1003R). This mutant-which was confirmed to be kinase inactive and did not display tyrosine autophosphorylation (Figure 2c )-was also unable to induce paraptosis, suggesting that the kinase activity of IGFIR may be involved in paraptosis, either directly or indirectly. To evaluate the role of IGFIR phosphorylation in cell death induction further, we created constructs of IGFIR-IC carrying mutations at residues known to be phosphorylation sites critical for the signal transduction of IGF-I through IGFIR. Phosphorylation at Tyr950 is required for the recruitment of IRS-1 and its subsequent recruitment of PI3K (which can also be recruited directly through phosphorylation at Tyr1316 29 and via the recruitment and phosphorylation of Shc 30 ). Phosphorylation in the tyrosine cluster 1131/1135/1136 is required for the kinase activity, since these residues are localized in the kinase active site. Other residues involved in signal transduction by IGFIR include tyrosines 1250/1251 31 and the serine cluster at 1280-1283. 32 Figure 2b and d summarize the results of cell death assays obtained with these IGFIR-IC mutants, and show that the induction of paraptosis by IGFIR-IC requires an active kinase domain. Mutations such as K1003R and Y1131/5/6F that destroyed the kinase activity also lacked paraptosis activity, whereas the mutants lacking selected autophosphorylation sites including Y1250/1F, Y950/1316F, and the serine cluster mutation S1280/1/2/3A, but displaying an intact kinase activity, were still able to induce cell death. Immunoprecipitation assays followed by anti-phosphotyrosine immunoblots confirmed that all of the constructs displaying cell death activity were also able to autophosphorylate on tyrosine (Figure 2c ). Interestingly, membrane localization was also required to induce paraptosis, as the IGFIR-IC nonmyristylated construct was able to autophosphorylate when expressed in 293T cells but did not induce cell death. The mutants of IGFIR-IC unable to induce cell death were also unable to reproduce the typical morphological changes observed in paraptosis, rounding of the cells and extensive cytoplasmic vacuolation ( Figure 2e ). 
Involvement of mitogen-activated protein kinase (MAPK) family members in paraptosis signaling
Since paraptosis induction by IGFIR-IC was found to require receptor tyrosine kinase activity, we evaluated the previously described IGF signaling pathways for their potential involvement in the mediation of paraptosis. We found that both the ERK and JNK/SAPK pathways were engaged by IGFIR-IC expression in all of the constructs capable of inducing cell death, but not in those that lacked cell death activity ( Figure 3 ). Another member of the MAPK family, the p38 MAPK, did not appear to be activated in paraptosis (data not shown). We then evaluated the potential contribution of these pathways to paraptosis signaling. As shown in Figure 4 , downregulation of the stress-activated kinase JNK1, by means of antisense oligonucleotide transfection, reduced the cell death induced by IGFIR-IC partially but significantly (Figure 4a ). Specific downregulation of JNK1 was confirmed by Western blot (Figure 4b) .
A stronger inhibition of paraptosis was obtained using the specific inhibitor of MEK-1/2 activity, UO126 (Figure 5a ), indicating that the MAPK, and to a lesser extent JNK/SAPK, pathways play an active role in the induction of paraptosis by the IGFIR-IC. While UO126 was effective in inhibiting paraptosis, we found that a similar inhibitor, PD98059, which shows relative specificity for MEK-1 over MEK-2, was almost completely ineffective, suggesting that MEK-2 rather than MEK-1 may mediate the signaling cascade that triggers paraptosis by IGFIR-IC.
Consistent with the cell death inhibition results, we found that UO126, but not PD98059, was able to prevent MAPK phosphorylation induced by IGFIR-IC expression (Figure 5b) . To exclude the possibility of nonspecific kinase inhibition by UO126, we confirmed that, in the presence of this inhibitor, IGFIR-IC autophosphorylation was not affected (data not shown). Treatment with UO126 was also effective in reducing the cell death as well as MAPK phosphorylation induced by transfection of the full-length IGFIR in combination with IGF-I, ruling out the possibility that this result was only restricted to the expression of the IC domain of the receptor (Figure 5c, d ) Furthermore, UO126 did not affect IGFIR-driven JNK activation, since c-jun phosphorylation induced by IGFIR-IC was not altered in the treated sample (Figure 5b) . A minor reduction of cell death was observed when 293T cells transfected with IGFIR-IC were treated with the general JNK inhibitor SP600125. However, only a slight reduction of JNK activity, as measured by c-jun phosphorylation, was observed following treatment of cells with SP600125, indicating that this inhibitor was relatively ineffective under the conditions used. We also tested the specific inhibitor for PI3K, Wortmannin, but did not observe any reduction of paraptosis induced by IGFIR-IC (Figure 5a, b) , indicating that PI3K activation is not required Figure 3 Activation of MAPK and JNK pathways by paraptosis-inducing IGFIR-IC constructs. Western blot analysis of cell lysates from 293T cells transfected with IGFIR-IC or mutant constructs described in Figure 2 . All of the IGFIR-IC mutants that induced cell death activated the MAPK pathway (as assessed by aphospho-MAPK Western (upper blot)) and the JNK pathway (as measured by phosphorylation of c-jun (middle blot)). Note that the nonmyristylated form of IGFIR-IC displayed tyrosine phosphorylation but did not induce MAPK or c-jun phosphorylation, and did not induce cell death. At the bottom, an immunoblot performed using an anti-actin antibody is shown to verify equal loading for paraptosis, a finding consistent with the mutagenesis analysis described above.
In order to confirm a role for MEK-2 in paraptosis induction, we performed RNA interference experiments using specific siRNA for MEK-1 or MEK-2. We found that downregulation of MEK-2, but not MEK-1, by RNAi significantly decreased paraptosis induced by IGFIR-IC compared to samples transfected with a control siRNA for GAPDH (Figure 5e ). The downregulation of either MEK-1 or MEK-2 in these conditions was confirmed by Western blotting (Figure 5f ).
Taken together, these results suggest that MAP kinase (and kinase kinase) family members, in particular MEK-2 and to a lesser extent JNK1, may function as mediators of paraptosis. 
A new function for the ALG-2-interacting protein AIP1/Alix as an inhibitor of paraptosis
The protein AIP1/Alix was identified independently by two groups as a protein interacting with the cell death-related calcium-binding protein ALG-2. 33, 34 Although the roles of ALG-2 and of AIP1/Alix in programmed cell death remain incompletely defined, 33 the yeast AIP1 homologue BRO1 has been genetically and functionally linked to the Pkc1p-MAPK cascade. Mutations in BRO1 result in a phenotype similar to that associated with mutations in BCK1, the latter of which is a MAPK that mediates cell integrity. 35 Given the findings described above suggesting that paraptosis is mediated by MAPK activation, we evaluated the effects of AIP1/Alix on both apoptotic and paraptotic cell death. Whereas AIP1/Alix inhibited paraptosis induced by both IGFIR-IC and IGFIR full length (Figure 6a-f) as determined by biochemical and morphological criteria, it did not inhibit apoptosis (Figure 6g ). Consistent with this result, we found that the overexpression of AIP1/Alix reduced both JNK and MAPK activation by IGFIR, indicating that the mechanism of protection from cell death may involve interference with the triggering of these two signaling pathways (Figure 6b, f) . Together with the inhibition of cell death and the downregulation of IGFIR signaling, AIP1/ Alix was able to prevent the paraptotic morphology induced by IGFIR (Figure 6d) .
Although the function of AIP1/Alix is not yet known, homologous proteins in both yeast and fungi appear to function in a response pathway to cellular stress, including alkaline and osmotic stress. 35, 36 Our results are consistent with and complement these results, suggesting a novel function for AIP1/Alix as an inhibitor of paraptosis.
To understand the involvement of AIP1/Alix in paraptosis further, we asked at which specific step AIP1/Alix affected the signaling cascade from the IGFIR. Although we could not detect a direct interaction between IGFIR and AIP1/Alix in cotransfection and coimmunoprecipitation assays (data not shown), we found that AIP1/Alix coexpression potently decreased the extent of tyrosine phosphorylation on IGFIR (Figure 6c ). 
Discussion
We reported previously that the expression of IGFIR induces a form of nonapoptotic pcd dubbed paraptosis, which is morphologically similar to developmental cell death (type 3), excitotoxic cell death, and cell death in several other paradigms. 12 While the assessment of the frequency of paraptosis in physiologically relevant contexts awaits the identification of specific markers, the current report addresses the molecular mechanism of paraptosis induction by IGFIR. We have shown that paraptosis requires the receptor kinase activity, based on mutagenesis studies. Consistent with these results, constitutive signaling through the receptor by IGF-I, or insulin at supraphysiological concentrations, decreased cell survival.
Although IGFIR is known primarily for its role in cell growth and development and for its transforming and antiapoptotic signaling, it also induces differentiation of a variety of cell types. Recently, our group, as well as others, have established a new role for IGFIR in cell death induction. 12, 37 In keeping with this emerging role, a potential function of IGFIR as a tumor suppressor was suggested by findings that the expression of IGFIR was decreased in prostate cancer, 38 and its reexpression in immortalized human prostate cells inhibited the malignant phenotype. 39 A potential role for IGFIR in developmental cell death could explain part of the phenotype of IGFIR-null mice, in which a higher neuronal density in the brainstem and spinal cord was observed. 40 Engagement of at least two signaling pathways triggered by IGFIR, the MAPK/ERK and JNK pathways, occurred in paraptosis. Both pharmacological inhibition of MAPK and downregulation of MEK-2 by RNAi, as well as downregulation of JNK1 by antisense oligo transfection, inhibited paraptosis. Involvement of MAPK in paraptosis is somewhat surprising since this pathway has typically been associated with cell survival or proliferation rather than cell death. 41 However, other groups have demonstrated that the activation of ERKs is necessary for cell death in different paradigms, such as neuronal cell death induced by glutamate, 42 okadaic acid, 43 hemin, 44 genistein, 45 and 6-hydroxydopamine. 46 In addition, another activator of the MAPK pathway, Ras, has been implicated previously in caspase-independent pcd. 23 Further work will be required to characterize the upstream activators and the downstream targets of MAPK involved in nonapoptotic pcd, and to discern the MAPK-dependent signals that distinguish a trophic response from a pcd response.
We found previously that a dominant-negative mutant (catalytic mutant) of caspase-9 inhibited paraptosis, and, in complementary studies, that procaspase-9 expression led to both apoptosis and paraptosis. Interestingly, a recent report showed that caspase-9 is a direct target of MAPK, and that phosphorylation at Thr125 by ERK-2 inhibits the proapoptotic activity of caspase-9. 47 Although it remains unclear at which critical step caspase-9 effects paraptosis, one could speculate that modification of caspase-9 by phosphorylation might function as a switch from a proapoptotic activity to a proparaptotic activity of the protease.
The finding of JNK-mediated nonapoptotic pcd for IGFR-IC is worthy of comment given that JNK activation has been implicated in numerous apoptotic paradigms. 41, 48 The current results argue that JNK-1 may also mediate nonapoptotic pcd (at least in combination with MAPK), and support the earlier contention that there is crosstalk between apoptotic and nonapoptotic pcd. 12 Whether signals transduced by trophic factor receptors such as IGFIR lead to cell survival, proliferation, and differentiation, or lead to cell death induction, may depend on quantitative effects -that is, hyperstimulation that exceeds some threshold may induce cell death (reminiscent of neuronal excitotoxicity, which also may induce nonapoptotic cell death 49 ) -or qualitative effects such as cell state, costimulatory signals, etc. (or both quantitative and qualitative effects).
One implication of the current results is that paraptosis and apoptosis may be complementary cell death programs: for example, withdrawal of a trophic factor such as IGF-I may lead to apoptosis, whereas hyperactivation of a trophic factor receptor such as IGFIR inactivates cellular apoptotic pathways, but may induce the alternative cell death program of paraptosis. Such 'trophotoxicity' -that is, toxicity resulting from activation of a trophic factor receptor -may be involved with cell death preventing autocrine loop-induced neoplasia. A corollary to this notion is that autocrine loop tumors would be predicted to feature mutations in paraptosis-mediating genes.
Finally, we report here the identification of AIP1/Alix as the first endogenous inhibitor of paraptosis. Although the function of AIP1/Alix is still incompletely defined, it has been proposed that it might cooperate with its interacting protein ALG-2 in promoting apoptosis. 33 Functional and genetic evidence have linked the yeast homologue of AIP1/Alix, BRO1, to components of the MAPK signaling pathway, and to response to cellular stress. This evidence is in agreement with a potential role for AIP1/Alix in regulating paraptosis. Interestingly, it was recently shown that overexpression of the C-terminal half of AIP1/Alix (a region that inhibits apoptosis) induces the formation of vacuoles, possibly through its interaction with endophilins. 50 Taken together, these results are compatible with a model in which the full-length AIP1/Alix facilitates apoptosis but inhibits both paraptosis and paraptosis-dependent cytoplasmic vacuolation, whereas its C-terminally deleted form acts as a dominant negative by preventing apoptosis and inducing vacuolation.
Although further work will be necessary to clarify its specific mode of action, the current report complements previous studies in the characterization of AIP1/Alix as a multifunctional protein important in signal transduction and ultimately cell integrity.
Materials and Methods
Reagents IGFI, insulin, and the PI3K-specific inhibitor Wortmannin were obtained from SIGMA (St. Louis, MO, USA). IGF-I analog was obtained from Bachem (Torrance, CA, USA). Hygromycin B was obtained from Roche (Basel, Switzerland). The specific inhibitors PD98059, UO126 for MEK-1/ 2, and SP600125 for JNK were obtained form Calbiochem (La Jolla, CA, USA), and were used as indicated. 
Cell culture
Human embryonic kidney 293T cells were grown in high glucose DMEM (Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (SIGMA, St. Louis, MO, USA) and penicillin/streptomycin 100 U/ml (Life Technologies, Grand Island, NY, USA). The cultures were incubated at 371C in 95% air 5% carbon dioxide with 95% humidity.
Establishment of stable transfectants
For the colony-forming assay, 1 Â 10 6 cells were seeded in 6 cm plates the day before transfection. The cells were then transfected using 2 mg of either control vector pCEP4 or pCEP4-IGFIR with 10 ml of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The day after transfection, the cells were passaged into new plates, and the selection was started using 200 mg/ml of Hygromycin B; 1/5 of each plate was seeded into each 10 cm dish. For the pCEP4-IGFIR sample, four plates were made for different treatments. One plate of untransfected cells was split in parallel to monitor that complete selection had occurred. The cells were cultured under selection for 2 weeks at which time single-cell clones of a visible size had formed. The cells were washed with PBS and fixed in 4% formaldehyde for 10 min, rinsed several times with water and stained with a solution of 0.1% crystal violet. Colonies of 2 mm or larger were counted.
Constructs
IGFIR-IC mutants were constructed by the QuikChange method (Stratagene, La Jolla, CA, USA) following the protocol suggested by the manufacturer.
Transfections
Transfections of IGFIR-IC wild-type and mutants were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. Briefly, 0.5 Â 10 6 cells were seeded in sixwell plates the day before transfection. DNA (1 mg) was complexed with 5 ml of Lipofectamine 2000 and administered to the cells for 24 h at which time the culture medium was replaced. The rate of cell death was assessed as follows: 100 ml of culture medium was collected 48 h after the beginning of transfection and used to perform LDH assays. For the AIP1 inhibition studies, 2 mg of total DNA consisting of 0.5 mg of IGFIR construct þ 1.5 mg of DNA for either AIP1 or control pcDNA3, and 10 ml of Lipofectamine 2000 were used.
JNK-1 antisense experiments
The oligonucleotide sequences used were: ctctctgtaggcccgcttgg for human JNK-1, and tcgcatcgacccgcccacta for the control scrambled oligonucleotide. The oligonucleotides were transfected using Lipofectamine 2000 (3.2 ml of lipofectamine/100 ng oligonucleotide) at an oligonucleotide concentration of 100 nM 24 h prior to IGRIR-IC transfection.
RNA interference experiments
Target validated siRNA for GAPDH, MEK-1, and MEK-2 were obtained from Ambion and transfected into cells by means of the reagent siPORT Amine (Ambion, Austin, Tx, USA), following the manufacturer's instructions. Briefly, 293T cells were seeded into 12-well plates at 1.5 Â 10 5 cells/well the day before transfection. siRNAs were used at 10-20 nM for GAPDH, 5-10 nM for MEK-1, and 10-20 nM for MEK-2. The medium was replaced the day after transfection with fresh culture medium containing 20 mM of the caspase inhibitor T-butyloxycarbonyl-Asp(Omethyl)-flouromethyl ketone (BAF) (Enzyme System Products, Livermore, CA, USA) to prevent apoptosis due to downregulation of MEKs. At 48-72 h following siRNAs transfection, the cells were subsequently transfected with either pcDNA3 (control vector) or IGFIR-IC construct. At 48 h after this transfection, the cell death was assessed by trypan blue exclusion as described below.
LDH assay
The LDH cell death assay was based on the method of Koh and Choi, 51 with some modifications. The relative rate of lactate dehydrogenase (LDH) released by the dead cells in the culture medium was determined as a function of the disappearance of NADH in the reaction:
Briefly, 100 ml of culture medium of each sample are collected 48 h after transfection and plated in a 96-well plate. b-NADH (reduced form) (5 mg) are dissolved in 20 ml of PBS with the addition of 0.5 ml of 100 mM sodium pyruvate, and 100 ml of this solution is added to the medium in the plate. The V MAX of disappearance of NADH is determined by subsequent photometric reading every 11 s within 2 min and 30 s after the addition of the NADH/Pyruvate solution. The relative rate of cell death in each sample is expressed in arbitrary units of the V MAX .
Assessment of cell death by trypan blue exclusion
Cell death was assessed as described earlier. 12 Typically, 48 h after transfection, the floating cells were collected from the culture medium by centrifugation for 6 min at 6000 rpm in a tabletop centrifuge. The cell pellet was resuspended in 100 ml of PBS to which 100 ml of trypan blue was added. Dead cells were counted by four independent hemacytometer counts.
Assessment of apoptosis
The rate of apoptosis was assessed by measuring Ac-DEVD-AFC cleaving activity in cell lysates. Briefly, 293T were seeded at 1 Â 10 6 cell/ plate into 6 cm plates the day before transfection. For Bax-induced cell death, the cells were transfected with either Bax alone or in combination with AIP1, at the ratio 1 : 3. For the Tamoxifen treatment, the cells were transfected with either control DNA (pcDNA3) or the AIP1 construct and treated with Tamoxifen at 50 mM the day after transfection. Cell lysates were obtained by resuspending cell pellet in NP40 lysis buffer (50 mM Hepes pH 7.6, 250 mM NaCl, 2 mM EDTA, 0.1% NP40). Cell lysates (100 mg) were incubated in caspase buffer (10 mM PIPES, 0.1 mM NaCl, 0.1 mM EDTA, 10 mM DTT, 10% sucrose, 0.1% CHAPS at pH 7.4), in the presence of 100 mM caspase substrate. Hydrolysis of Ac-DEVD-AFC was followed on a Molecular Devices fmax plate reader at 371C.
Western blot analysis
Total cell extracts were obtained by collecting the cells 24 h after transfection and lysing the cell pellets in RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP40, 0.5% Deoxycholate, 0.1% SDS) or NP40 lysis buffer supplemented with Complete protease inhibitors (Roche, Basel, Switzerland) and phosphatase inhibitors Na 3 VO 4 (2 mM), NaF (20 mM) for phosphoprotein studies. Equal amounts of supernatants after 14 000 rpm spins for 10 min were run on 4-12% Bis-Tris NuPage gels (Invitrogen, Carlsbad, CA) and transferred onto a PVDF membrane (Millipore, Billerica, MA, USA). Western blot analysis was performed as suggested by each antibody's supplier and, after incubation with species-specific HRPconjugated secondary antibody, the specific protein bands were detected by chemiluminescence with the ECL reagents (Amersham, Arlington Heights, IL, USA). Immunoprecipitation of the IGFIR was performed by lysing cells in NP40 lysis buffer, supplemented with Complete protease inhibitors and phosphatase inhibitors Na 3 VO 4 (2 mM), NaF (20 mM). Supernatants (400 mg) after 14 000 rpm spin for 10 min were incubated with 1.5 mg of anti-IGFIR antibody overnight at 41C, and subsequently with Immunopure Immobilized Protein A (Pierce, Rockford, IL, USA). Following four washes in lysis buffer, the beads were boiled in loading buffer and the immunoprecipitates run on 4-12% NuPage gels (Invitrogen, Carlsbad, CA, USA) and analyzed by Western blot.
